The specific growth and feeding rates of Tetrahymena pyriformis GL grown axenically in proteose-peptone yeast-extract medium and monoxenically in suspensions of the bacterium Klebsiella aerogenes were studied. The relation between the initial concentration of substrate, whether bacteria or soluble organic complexes, and the maximum yield of ciliates was linear, although some inhibition was noted at higher substrate concentrations. The effective yields of Tetrahymena are 9-1 % (carbon to carbon) in axenic cultures and 50% (dry-weight bacteria to dry-weight ciliate) in monoxenic cultures. The maximum growth rates at 25" in axenic and monoxenic cultures were 0.20 and 0.22 hr-l, respectively. Carbon balance studies on axenic cultures suggested that of the carbon utilized during growth 36.5 % was incorporated into the Tetrahymena and 69 % was respired. The removal rates of K. aerogenes from suspension by T. pyriformis were studied and there was evidence which suggested that the individual feeding rate of a ciliate was governed by the concentration of ciliates as well as the concentration of bacteria present. From these observations a model for ciliate feeding was derived.
effective yields of Tetrahymena are 9-1 % (carbon to carbon) in axenic cultures and 50% (dry-weight bacteria to dry-weight ciliate) in monoxenic cultures. The maximum growth rates at 25" in axenic and monoxenic cultures were 0.20 and 0.22 hr-l, respectively. Carbon balance studies on axenic cultures suggested that of the carbon utilized during growth 36.5 % was incorporated into the Tetrahymena and 69 % was respired. The removal rates of K. aerogenes from suspension by T. pyriformis were studied and there was evidence which suggested that the individual feeding rate of a ciliate was governed by the concentration of ciliates as well as the concentration of bacteria present. From these observations a model for ciliate feeding was derived.
I N T R O D U C T I O N
The r81e of the ciliated protozoa in the activated-sludge process of sewage treatment has been the centre of much discussion and speculation since the introduction of the process. Some workers, notably Pillai (1942) and Pillai & Subrahmanyan (I~u), were of the opinion that ciliates play the major r6le in the purification of domestic wastes and said that the peritrich protozoan Epistylis sp. in pure culture was capable of purifying sewage to the same degree as healthy whole activated sludge. However, most other authors have suggested that ciliates play a secondary r61e in that they aid the removal of suspended particulate matter and bacteria. Curds (I 963) showed that certain ciliates have the ability to flocculate suspended matter in pure culture, and Curds, Cockburn & Vandyke (1968) showed that the' introduction of ciliates into activated sludges consisting only of bacteria, caused a highly significant improvement in the clarity and the general quality of the effluents. They suggested that one of the major r8les of the ciliates is the removal, by predation, of the large numbers of suspended bacteria which only become apparent when protozoa-free activated sludges are grown. The purpose of the work described here was to examine whether or not ciliates might ingest sufficient numbers of bacteria to account for the removal of bacteria noted in small-scale activated-sludge experiments.
It is surprising that, although bacteria are the natural food for ciliates, little informa-
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tion about the predatory activities of ciliates on bacteria is available. Some qualitative experiments on the feeding of ciliates on bacteria have been described (Burbanck, 1942; Curds & Vandyke, 1966) , but there are almost no quantitative data in the literature.
In some of our earlier experiments the two ciliates Operculariu coarctata and Histriculur vorax were used as experimental organisms, but these were not easily grown and in particular it proved very dflcult to obtain reliable estimates of the dry-weight yields of these organisms since they could be grown only in the presence of bacteria. To overcome these difficulties the ciliate Tetrahymena pyriformis was chosen for experiment; although it is not a very typical activated-sludge ciliate it has the great advantage of being easily grown both in the presence and absence of bacteria.
It is reasonable to expect T. pyrijiormis to behave like other free-living ciliates and that the results obtained with this organism may be used as a guide for further studies with ciliates more typical of those associated with activated sludge.
METHODS

Organisms. Tetrahymena pyriformis GL (from The Culture Collection of Algae and
Protozoa, The Botany School, Downing Street, Cambridge, L 163011 GL) was maintained axenically in Oxoid I yo (w/v) proteose peptone + 0.25 yo (w/v) yeast-extract medium (PPYE). (Whenever PPYE medium was used in different concentrations for experimental purposes the two components of the medium were always mixed in the weight ratio of 4: I, PP:YE.) The bacterium Klebsiella aerogenes (National Collection of Industrial Bacteria, NCIB 8017) was routinely maintained on nutrient agar slopes.
Enumeration of bacterial populations. Population densities of bacteria were measured with a Unicam Spectrophotometer at 600 pm in 4 cm. cells. Bacterial dry-weight estimates were obtained from an extinction/dry-wt bacteria calibration curve which was linear up to a bacterial dry wt of 120 ,ug./ml. Dry-wt measurements for bacteria and protozoa were made by filtering thoroughly washed suspensions of the organisms through pre-washed Oxoid membrane filters. The membrane filters were then dried for I hr at 10s".
Enumeration of ciliate populations. Numbers of protozoa were counted in two ways. In axenic cultures, ciliates were counted by using a Vickers J 12 Electronic Cell Counter (Vickers Instruments Ltd., Haxby Road, York). A 50 yo transmission neutral-density filter was inserted between the chamber and the cathode of the photomultiplier tube so that only those particles of about 30 p and above were counted. The electronic counter could also be used for ciliates in monoxenic culture, provided that the bacteria were not present in flocculated clumps. When clumps of bacteria were present the ciliates were counted under a microscope in a 0.2 mm. deep haemocytometer. At least three counts were made and the mean taken. Ciliates were previously killed for direct microscope counts by adding 0.1 ml. Lugol's iodine to I ml. culture and the count was corrected to allow for this dilution.
Estimation of organic carbon. Organic carbon determinations were made with a Beckman Carbonaceous Analyser. Samples containing organic carbon in solution were prepared by acidifying (PH 2) with HCl and the C02 removed by bubbling with C02-free air for 5 min. Samples containing suspensions of organic carbon were Growth and feeding of Tetrahymena pyriformis 345 similarly acidified and then homogenized for 5-10 min.; 20 pl. volumes of the prepared samples were then injected into the catalytic combustion tube.
Culture medium for monoxenic cultivation of Tetrahymena pyriformis and Klebsiella aerogenes. The nature of the work made it imperative to formulate a culture medium which would satisfy the growth requirements of the prey K. aerogenes, but would not support the growth of T. pyriformis in the absence of bacteria. A carbon-limited chemically defined medium which fuliils these requirements is given in Table I . Sucrose was chosen as sole carbon source since, although it is readily utilized by K. aerogenes, it is not utilized by, nor does it inhibit, the ciliate (Seaman, 1955) . The salts and sucrose solutions were prepared, autoclaved, and stored separately as stock solutions (Table I ). Preparation of the final medium was as follows. The required volume of phosphate buffer solution was made up in de-ionized water and autoclaved ; after cooling, appropriate volumes of sterile stock salts and stock sucrose solutions were added aseptically. A linear relationship between the initial sucrose concentration of the medium and the effective yield of K. aerogenes was established; this made it possible to grow predetermined concentrations of bacteria by adding the appropriate quantity of sucrose to the medium.
Estimation of feeding rates. Flasks (100 ml.) of sterile culture medium containing known concentrations of sucrose were inoculated with Klebsiella aerogenes and shaken at 25" for 2 days. At the end of this time the bacterial population had reached its maximum and had just entered the stationary period. Each flask was then inoculated with a large number of well-washed Tetrahymena pyriformis organisms which had been grown axenically. The flasks were then shaken at 25" for 5 hr. Both the ciliate and bacterial populations were measured at zero time and after a 5 hr feeding period; during this time the number of ciliates increased, while the bacterial numbers decreased because of predation. Control flasks containing bacteria without protozoa never exhibited any measurable decrease in extinction during the 5 hr period. To define the effects of different numbers of ciliates and of bacteria on the feeding rate, it was necessary to take account of the changes in numbers during the 5 hr feeding period. Equations derived from simple considerations of growth kinetics were applied to compensate for non-linear changes in the populations, by averaging the integrated population curves over the time taken for the test. The population ratios calculated in this way were not significantly different from those obtained when the simple arithmetic means of the initial and final populations were used; these were therefore taken as being adequate for the purpose.
RESULTS
Yield of Tetrahymena pyriformis grown axenically
The relation between the initial concentration of PPYE medium and the maximum yield (usually after 60 hr) of Tetrahymena pyriformis in terms of numbers and dry weight is illustrated in was 9.1 %. These effective yields appeared to be rather low, but it was possible that the medium contained a high proportion of organic matter that was not utilized by the ciliate.
Carbon balance for Tetrahymena pyriformis growing axenically
A series of flasks containing sterile 0.5 % (w/v) PPYE medium were each inoculated with Tetrahymena pyriformis and shaken at 25" until maximum growth had been attained (usually about 60hr). The organic carbon contents of the initial PPYE medium, the medium containing ciliates after maximum growth and the medium after removal of the ciliates by centrifugation were determined. The difference between the initial organic carbon content of the medium and the carbon content of medium + ciliates after growth was assumed to be completely due to the loss of carbon dioxide by ciliate respiration. Richman (1958) discussed several equations used by various authors to express the transformation of energy within an organism, two of which are input,i) = growth,,, +respiration,,, + egestion,,
and assimilation,,, = growth(,, + respiration,,.
(2)
Expressed in terms of carbon flow these may be written: Whereas there was a close agreement between the C, value (8-26 & 0.8 %) obtained in the carbon balance and the effective carbon yield value (9.1 %) obtained above, the c 6 value was rather high (77-4 yo) which suggested that the PPYE medium contained a large proportion of carbon not utilized during growth. Assuming that ciliate secretions were insignificant, then only 22-6 % of the carbon present in the initial medium was assimilated during growth. This was not entirely surprising because the medium was chosen for its convenience, without regard to the efficient use of its nutrient content. Growth rates of Tetrahymena pyriformis growing axenically The growth rates of Tetrahymena pyriformis growing axenically in various concentrations of PPYE at 25" were determined. A reciprocal (Lineweaver-Burke) plot of
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the results is presented in Fig. 2a . The maximum growth rate &.) obtained from this graph (i.e. where the curve intersects the y axis) was 0.2 hr-l, which was equivalent to a doubling time of 3-46 hr (where tD = loge2/k.). The Michaelis coefficient K,, that is the substrate concentration at which the growth rate is equal to half its maximum, was also obtained from this graph and estimated to be 0.24% (wlv), PPYE providing 0.13 % (w/v) carbon. for maximum bacterial growth to be attained. Ciliates were then added to the bacterial suspension and the ciliate growth rate during the first 10 hr measured. The results obtained are given in Fig. 2b in the form of a Lineweaver-Burk plot. In monoxenic culture the maximum growth rate at 25" was 0.22 hr-l (a doubling time of 3-15 hr)
which corresponded approximately to that obtained in axenic culture. However, the Michaelis coefficient substrate concentration was only I I -6 mg. dry wt bacterialml.
(providing about 5.5 mg. carbon/l.).
Feeding rate of Tetrahymena pyriformis on Klebsiella aerogenes
Initially the feeding rates of various concentrations of Tetrahymena pyriformis in various concentrations of Klebsiella aerogenes were estimated. When the observed average individual ciliate feeding rates cf) were plotted against the mean concentration of bacteria (6) present during the 5 hr feeding period, a wide scatter of points was obtained (Fig. 4) . However, when the individual feeding rate was plotted against the
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ratio g/tl, the weight of bacteria available to each ciliate (Fig. 5) , the scatter was considerably decreased. This suggested that both the concentration of predator (ciliate) and prey (bacteria) played important r8les in controlling the feeding rate of the ciliate. As the ratio of bacteria to ciliates increased the individual ciliate feeding rate increased until a plateau, the maximum individual feeding rate, was reached. Beyond this point bacteria were always in excess and so there was no increase in feeding rate. However, from Fig. 5 , there appears to be a peak in feeding rate before the plateau is reached but the significance of these points was not established. However, subsequent continuous-culture studies, still in progress, have not shown a similar peak, but the maximum feeding rate determined by this method was somewhat higher than recorded in this work. Furthermore, continuous-culture has shown that there is a relation between the growth and feeding rates of T. pyriformis. Therefore, at maximum feeding rate the growth rate was also at its maximum, so that the yield constant (Y = wt ciliate formed/wt bacteria consumed) could be calculated from the following equation :
When the observed data were substituted into this equation (i.e. W = 1-39 pg., fmm. = 0.49 pg., and t-. = 3-15 hr) an absurdly high yield was obtained. However, it was found that the minimum doubling-time calculated previously was far smaller than that actually obtained during the 5 hr feeding period. Presumably, the method of preparation of the ciliate inoculum was sufficiently disturbing to induce a lag in the ciliate growth and feeding activities. The mean minimum doubling time actually observed, when bacteria were in excess during the feeding period, was calculated to be 6.8 hr and when this value was substituted in equation (3) a yield constant of 0.414
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(4104%) was obtained. This agreed reasonably well with the 50% effective yield obtained previously. It may be seen from Fig. 4 that despite the wide scatter of points there was a general tendency for the feeding rate of Tetrahymena pyriformis organisms to increase with increasing concentrations of bacteria until a plateau was reached. This indicated that the kinetics of monoxenic feeding of T. pyriformis were analogous to the axenic growth kinetics of bacteria, as described by Monod's (1942) equation. This seems plausible when the growth rate of a ciliate is directly proportional to its feeding rate.
The original form of Monod's equation was where s = substrate concentration and p = growth rate coefficient. When considering the rate of feeding of T. pyriformis on Klebsiella aerogenes, by analogy: -where b = mean bacterial concentration and f = feeding-rate coefficient. However, equation (5) did not fit precisely since it did not take into account the predator population effect which has been indicated (Fig. 5) . Contois (1959) found that when Aerobacter aerogenes was grown in a chemostat, the specific growth rate of this bacterium was dependent not only on the concentration of the limiting nutrient but also on the population density of the growing bacteria; he therefore modified Monod's equation (4) as follows : 
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where C 'is a growth parameter which is constant under defined conditions' and P is the bacterial population density. When equation (6) is expressed in terms of ciliate feeding then: f=---fmax.6 6 6+CE 6 6 CB f -fmax.
f-fmax. fmax.
where % is the mean number of ciliates.
or +-.
Rewriting -_ -+-.
Whence q-~f m a x . f-. Therefore from equation (8) when E/Ef is plotted against 6 / E a straight line will be obtained if the data fit equation (7). Furthermore, the slope of this line will be equal to I/&. and will intercept the abscissa at a value equal to the constant C. Figure 6 is such a plot and illustrates that there was indeed a linear relationship. The line of best fit was obtained by regression analysis and the values offmax. and C were calculated to be 0.49 and 1.26, respectively. On inserting these values into equation (7) the relation between bacterial concentration, ciliate population and individual feeding rate may be described mathematically by the equation
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and since the gross feeding rate of the total ciliate population (F) is equal to zf then Using equation (9) the effects of various ciliate populations on the individual ciliate feeding rate in four fixed concentrations of bacteria were predicted. The four predicted curves are included in Fig. 7 for comparison with the experimental points obtained by presenting various ciliate populations with the four concentrations of bacteria. It will be seen that the correlation was reasonable, considering the experi- mental errors that must be involved when determining feeding rates. The individual feeding rate of the ciliates diminished with increasing ciliate concentration throughout the range of bacterial concentrations tested, especially at the lowest bacterial concentrations. Presumably there was mutual interference between the feeding currents of individual ciliates which was more serious when the bacteria were fewer in number. It can be seen that, for any given concentration of ciliates, the feeding rate diminished as the bacterial concentration decreased. Equation (10) was used to predict the gross feeding rate of the whole ciliate population at different concentrations. Whereas the individual ciliate feeding rate decreased with increasing ciliate population densities, the gross feeding rate of the total ciliate population increased with increasing ciliate concentrations (Fig. 8) . It therefore seemed likely that predation continued until very high concentrations of Tetrahymena pyriformis and very low concentrations of bacteria were reached. Such was the finding when attempts were made to grow continuous cultures of bacteria and ciliates together; no steady state was established (Curds, 1967) . The ciliates multiplied until the bacterial population was decreased to a very low value. Presumably because of loss of metabolic activity of T. pyriformis in the absence of an adequate supply of bacteria, there was then a phase of recovery in bacterial population density. This was eventually
23-2
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succeeded by a resurgence of ciliate domination, and the cycle then repeated indefinitely. However, the results presented in Fig. 10 emphasize that competition between ciliates had less effect on feeding-rate at high bacterial concentrations.
The feeding rates of individuals in particular ciliate populations at various concentrations of bacteria were also calculated from equation (9); some are illustrated in Fig. 9 . This shows that lower populations of ciliates reached the plateau or maximum individual feeding rate in lower concentrations of bacteria than did the higher ciliate concentrations. It was found, therefore, that the individual feeding rate of Tetrahymena pyriformis was dependent on two variables, populations of both ciliates and bacteria being important. Thus equation (9) describes a three-dimensional model. Figures 7 and 9 are cross-sections of this model, which is shown isometrically in Fig. 10 T . pyriformis is capable of removing much more particulate material from the surrounding medium than had been previously believed.
DISCUSSION
Very large populations of protozoa are frequently encountered in activated sludge and the r61e that these organisms might play in the trophic structure of the process has been considered by a number of workers. Curds & Vandyke (1966) showed that ciliate species isolated from activated sludge could grow for long periods on certain bacteria which had been reported to occur in sewage-treatment processes. Curds et al. (1968) showed that when sludges were artificially kept free from protozoa, very large numbers of bacteria appeared in the effluent, but that these virtually disappeared when ciliates were subsequently added. The quantitative feeding studies reported here have demonstrated that in pure culture Tetrahymena pyriformis can remove appreciable quantities of bacteria by predation; the quantity of food ingested by a ciliate is generally somewhat related to the size of the organism and the larger the ciliate the greater is the quantity of bacteria consumed by the individual per unit time (Curds, 1967) . Tetrahymena pyriformis is a small organism in comparison with the ciliates generally found dominant in activated-sludge plants, and will therefore presumably consume fewer bacteria. However, even if the feeding rates of T.pyriformis are assumed, calculations indicate that the ciliate population densities normally encountered could easily account for the removal by predation alone of those quantities of bacteria noted by Curds et al. (1968) . This would suggest that protozoan-induced flocculation (Curds, 1963 ) may play only a secondary r61e in the removal of bacteria in the activated-sludge process.
Several interesting facts about the growth and feeding of protozoa on bacteria have emerged in this work. The yield constant of 0.41 seems remarkably high for a protozoan, although yields similar to this are common for bacteria when growing aerobically (Hadjipetrou, Gerrits, Teulings & Stouthamer, I 964; Herbert, Elsworth & Telling, 1956 ). However, the yield constant estimated here lies between two of the three protozoan yields published in the literature. Coleman (1964) used Escherichia coli labelled with 14C to feed the rumen ciliate Entodinium and calculated that 50 % of the bacterial-carbon ingested was retained in the ciliate cytoplasm. Heal (1967a) who used techniques very much like those used in the present work, calculated that the soil amoeba Acanthamoeba has a yield constant of 0.37 when fed on Saccharomyces cerevisiae. The general conclusions of Proper & Garver (I 966), who investigated the growth of the ciliate CoZpoda steinii when fed on E. coli, were similar to those found here, but they calculated an effective yield of 78 yo (dry wt bacteria: dry wt of ciliate) which seems particularly high. Even when the yield given by Proper & Garver (I 966) is ignored, the range of 0-37-0-50 is much higher than is generally recorded for metazoan invertebrates; and Heal (I 967 b) suggested that the differences between the micro-organisms (i.e. protozoa and bacteria) and the metazoan invertebrates are that : (i) the micro-organisms grow at relatively high rates, and (ii) they do not possess a stage in their life-cycle equivalent to the adult metazoan. Micro-organisms generally grow to a certain size, divide and proceed to grow again, whereas the macro-
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invertebrates generally pass through a series of larval forms before becoming adults which only grow in the sense that tissues such as reproductive cells, etc. are produced. Engelmann (I 961) showed that slow-growing or non-reproducing organisms tended to convert less food to protoplasm than did the fast-growing animals; MacFadyen ( I 963) stated that macro-invertebrates used about 90 yo of their assimilated energy in respiration over their complete life-cycle.
Cutler & Crump (1924) noted that the ratio of bacteria:ciliates rather than simply the bacterial concentration influenced the growth rate of ciliates and it would appear from the results in Figs. 6 and 7 that this ratio is important in determining the feedingrate of the individual ciliate. Heal (1967~) also used this ratio in his studies on the feeding of Acanthamoeba, but several other workers concerned with the feeding activities of small crustaceans did not take this ratio into account. Furthermore, any influence that the predator population density might have had in those studies would not have been shown since those workers used a constant inoculum of predator organisms. McMahon & Rigler (1969, for example, used a constant inoculum of 100 Daphnia magna and varied only the concentration of available food organisms. Thus those authors found that, at this crustacean population density, as the food organism concentration was increased the feeding rate increased until a plateau was reached when food was in excess. It would have been of great interest to have known what the feeding rates would have been if both the predator and prey concentrations had been varied.
This sort of criticism can also be applied to the monoxenic growth rate experiments reported in the present work and in the work of Proper & Garver (1966) since Cutler & Crump (1924) gave evidence to suggest that the growth rate depended on both the ciliate and the bacterial populations. If this be so then presumably the Michaelis coefficient will also depend upon the ratio of prey:predator, so that as the predator population increases the Michaelis coefficient increases. If the yield of protozoa feeding on other micro-organisms is about 40 % as seems to be indicated then, if one is studying the ecology of a particular environment (a lake, activated sludge, or the soil), if the doubling time and the biomass of the organisms in that environment are determined, then a reasonable assessment of the part played by these organisms in the trophic structure of the ecosystem may be obtained. The authors wish to acknowledge the technical assistance of Mrs A. Flight and
